An accurate scoring function is required for protein structure prediction. The scoring function should distinguish the native structure among model structures (decoys) and it also should have correlation with the quality of the decoys. However, we had observed the trade-off between the two requirements for seven all-atom distance dependent potentials in the previous study, where the native structure could be discriminated by examining the fine atomic details, whereas the correlation could be improved by examining coarse-grained interactions. To overcome this problem, in this study, we tried to make an improved scoring function by combining the seven potentials. First, the seven potentials were normalized by the expected energy values of the native and reference states of the target protein. Second, the relationship between the seven normalized energies and the quality (GDT_TS) of the structure were learned using support vector regression with the decoy sets of CASP6 as the training set. Then the meta-score was obtained as the predicted GDT_TS and it was tested with the decoys of the CASP7 experiment. The meta-score showed improvement in correlations with the GDT_TS and in the Z-score of the native structure. It also showed comparable performances in the ΔGDT and enrichment criteria, with the best component potentials. The meta-score could be also used as the absolute quality of the structures. Our study suggests the benefit of combining several different scoring functions for model evaluation.
Introduction
Predicting the native structure of a protein molecule from its amino acid sequence is still a very challenging task in structural bioinformatics. The process of structure prediction consists of the following two steps; (i) enumerating a lot of possible model structures, or decoys, of the target protein and (ii) selecting the most likely structure among them. For the success of the second process, an accurate scoring function of protein structures is now required. There have been a large number of attempts for the development of the evaluation function of a protein structure. A large part of the studies relied on the analysis of known protein structures in the Protein Data Bank [2] to find the most appropriate structure of the target protein. They are called knowledge-based potentials or statistical potentials [8, 13, 17, 23, 26] . Statistical potentials are constructed by counting the occurrence of protein conformations in the PDB, comparing the observed frequency with the expected one and calculating the energy of the conformation by the log-ratio of the observed and expected occurrences by assuming of the Boltzmann distribution. Various structural elements can be used for statistical potentials, such as burial and exposure of residues [7, 19] , secondary structures [3] , amino acid or atomic contacts [9, 25] , distances between amino acids or atoms [8, 12-14, 18, 26] . In spite of many efforts that have been made, a community-wide experiment of protein structure prediction (CASP) showed that it is still difficult to pick up a few suitable models from the sampled structures [10] .
There will be two requirements for a scoring function of model structures. One is to evaluate the native structure as the lowest energy among the non-native structures. This is expected from the thermodynamic hypothesis of protein folding which states that the native state of a protein molecule is the one with the lowest free energy of the system [1] . The other requirement is the correlation between the energy and the quality of the structures, which originates from the funnel-like potential energy landscape of the protein molecule [20] .
Although it is desirable to fulfill these two requirements, it may be difficult to optimize the performances of native discrimination and correlation simultaneously. This is because the native structure can be discriminated by examining the fine atomic details such as Van der Waals interactions, whereas the near-native decoys and bad ones can be separated by examining coarse-grained interactions such as hydrophobicity.
We had observed that there was no single potential that could work best in these two performances among seven all-atom distance dependent statistical potentials with different reference states [15] . To overcome the trade-off, in this study, we tried to make an improved scoring function that satisfied these two requirements. The new scoring function, the meta-score, was developed as a predictor of the structural similarity to the native structure (GDT_TS [22] ) by combining the energy values of the seven potentials with a support vector regression (SVR). The SVR was trained with the CASP6 decoy sets and tested with the CASP7 decoy sets.
Materials and Methods

Decoy Sets
The performance of the potentials was evaluated using the decoy sets of the 6 th and 7 th CASP (Critical Assessment on the techniques for protein Structure Prediction) experiments [10, 11] . All of the native and model structures were obtained via the CASP web site (http://predictioncenter.org/). We considered protein domains as the unit of folding and employed the definitions of the CASP organizers. The CASP6 and CASP7 decoy sets included 90 and 122 domains, respectively. The model structures with any missing atoms, for which the corresponding atoms were observed in the native structure, were removed from the decoy set.
Quality of the Structure
We defined the quality of a model structure by its structural similarity to the native structure, measured by the GDT_TS [22] . GDT_TS is the average of the fraction of matched residues between the native and model structures within various distance thresholds after global structural superimposition. This score was scaled within [0,1], so that it approached 1 for good decoys and 0 for bad ones. The GDT_TSs of all the native structures are 1. We used TM-score program [24] to calculate the GDT_TS.
Component Statistical Potentials
All the seven all-atom distance dependent potentials have been described previously, and they were classified according to the hydrophobic and attractive characteristics [15] . A hydrophobic potential evaluates the clustering of atoms of hydrophobic residues favorably, whereas an attractive potential prefers compact globular structures. The seven potentials were called RAPDF [13] , AKBP [8] , DFIRE [26] , SHELL, BALL, FAR and DS [5] . Briefly, RAPDF is a potential without hydrophobic or attractive characteristics. SHELL, AKBP and FAR are the potentials in which hydrophobic characteristics are added to RAPDF. BALL is a potential which consist of RAPDF + attractive characteristics and DFIRE has both the hydrophobic and attractive characteristics added to RAPDF. DS has a similar characteristic to RAPDF. These characteristics of potentials were shown to influence on their performance. The hydrophobic characteristic improved the correlation with the GDT_TS, but decreased the ability to discriminate the native structures. An attractive potential worked well for decoys relatively similar to the native structure, but poor for decoys whose similarities to the native structures were low. The seven potentials were calculated from the statistics of the non-redundant set of 1,788 SCOP domains. We considered 167 atom types, by treating all of the nonhydrogen atoms to have different types when they are in different amino acid residues [13] . We used the distance intervals described by Zhou and Zhou [26] to count the frequency at each distance r. The width of the bin was 2 Å for r <2 Å, 0.5 Å for 2 < r < 8 Å, and 1 Å for 8 < r < 15 Å. The atom pairs with more than 15Å separation were not considered in the calculation of potentials.
Using these potentials, the raw energy of the model structure was calculated by 
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is the atom pair interaction energy of the statistical potentials. The atom pair type ab takes 167 x 167 types and the distance r takes 3.5 Å < r < 15 Å. For AKBP and FAR potentials which have the strongest hydrophobic characteristics, the distance of energy evaluation was shortened to 3.5 Å < r < 6.5 Å to reduce the hydrophobicity [15] and they were called AKBP' and FAR', respectively.
Normalization of the All-Atom Distance Dependent Potentials
The potential energies of the model structures calculated above could be compared with each other, only if all the structures had the same amino acid sequence, because the numbers and the compositions of the atom pairs in a structure vary with its sequence. This fact causes some problems in the regression of the quality of structures from the energies, because different models for various targets with similar GDT_TSs can have quite diverse raw potential values, which are not suitable for regression. The relationship between the energies and the GDT_TS would be different for each target. Therefore, the energy values should be normalized according to the amino acid sequence for regression.
For this purpose, each of the potentials was normalized as, The details about the normalization will be described elsewhere.
Development of the Meta-Score
We developed a new meta-score of protein structures by combining the information from seven normalized energies of the all-atom distance dependent statistical potentials. This meta-score can be regarded as a predicted GDT-TS of a structure estimated by a regression from the seven normalized energies. The underlying assumption for this attempt is that the relationship between the normalized energies and the quality (GDT_TS) would be universal for proteins of various amino acid sequences. This assumption can be reasonable from the viewpoint that both the normalized energies and the GDT_TS indicate the energetic and structural distance to the native structure, respectively, between 0 and 1, regardless of amino acid sequence.
For the purpose, we employed the support vector regression (SVR) algorithm, which was implemented using the libsvm package [4] with the regression mode. SVR can solve nonlinear regression problems using the kernel functions. In this study, the Gaussian radial basis function (RBF) was selected as the kernel function. We adjusted two parameters, the width γ of the Gaussian function and the regularization parameter C. γ controls how peaked Gaussian functions were and C controls the cost for the regression errors. These parameters were optimized by the leave-one-out jackknife method using CASP6 decoy sets. The meta-scores were trained with various width γ and the regularization parameter C using all but one decoy sets of CASP6, and the resulting meta-scores were subjected to evaluate the model structures of the remaining decoy set. Then the correlation coefficients between the meta-score and the GDT_TS were calculated. All the 90 decoy sets were evaluated in this manner and the parameter set, γ and C, that yielded the highest averaged correlation coefficient was selected. After this parameter optimization, a meta-score was trained using all of the 90 CASP6 decoy sets of 17,184 structures with the optimized parameters. The meta-score was tested by the decoys of CASP7.
Assessment of Potentials
Five criteria were used for the assessment of the potentials or the meta-score (in the following, the potential values and the meta-scores are simply referred to as scores) as in the previous study [15] : (1) PCC, the Pearson's correlation coefficient between the score and the GDT_TS of the decoys; (2) Z-score, the difference between the native score and the average of the decoy scores in units of their standard deviation; (3) ΔGDT, the difference between the GDT_TS of the best decoy and that of the best-scored decoy; and (4, 5), 10% and 20% enrichments; x% enrichment is the relative frequency of the most accurate x% models in the GDT_TS among the x% best scored models and x%.
Statistical Significance of the Difference in Performance
These five assessment measures were calculated for each target domain of CASP7, using each of the scores, and they were averaged for 104 template-based modeling (TBM) targets and 18 free modeling (FM) targets. The statistical significance of the difference in performance between the scores for the TBM and FM categories was assessed by the Wilcoxon signed rank test [16] with a threshold of p<0.01. More precisely, for a single decoy set k, the difference in performance between two scores X and Y was determined by using a bootstrap approach, as follows. Half of the decoys were sampled randomly 100 times, and the performances were calculated for both X and Y. Then, we define the difference in performance for the decoy set k to be 
where n is the number of decoy sets) was evaluated by the Wilcoxon signed rank test. Table 1 shows the assessment results for the seven all-atom distance dependent statistical potentials and the meta-score averaged over 90 CASP6 decoy sets. Among the seven component potentials, DFIRE showed the largest PCC, whereas RAPDF showed the largest Z-score and BALL showed the best ΔGDT and the largest 10% and 20% enrichment values.
Results and Discussion
Performances for the Training Set
These results of the seven potentials for the training set were basically the same as the results reported in the previous article [15] . A non-hydrophobic potential, RAPDF, has the highest Z-score of the native structure, but smaller PCC with the GDT_TS than the hydrophobic potentials, AKBP', SHELL, FAR'. The attractive characteristics are usually effective as observed for DFIRE and BALL. DS has a similar characteristic with, but a little worse performance than RAPDF. In short, seven potentials had their own advantages and disadvantages in model evaluation and none of them outperformed others in all the assessment criteria.
On the other hand, the assessments of the meta-score with the training CASP6 decoy sets showed improvements overall the seven potentials in both PCC and Z-score. The improvements were also observed in ΔGDT and enrichment criteria. Thus, the metascore has combined the strong points of the component potentials, although these results are for the training sets. Table 1 . Results of the assessment of the seven normalized energies (columns 2-8) and the meta-score (column 9) with the CASP6 decoy sets. The meta-score was calculated using the Jackknife-method as described in the text. The rows 2-6 correspond to the five assessment criteria. PCC: Pearson's correlation coefficient between score and the GDT_TS, Z-score: the deviation of the native energy from the mean energy of the decoys in units of standard deviation, ΔGDT: the difference between the best GDT_TS among the decoys and the GDT_TS of the best-scored decoy, Enr 10%, 20%: 10% and 20% enrichments respectively. These assessment values were calculated for all of the 90 decoy sets of CASP6 and the averages were listed. Table 2 shows the assessment results with the test decoy sets of CASP7. These decoy sets were classified as either a) TBM targets or b) FM targets. For both categories, the meta-score showed higher correlation with GDT_TS and better Z-score than the seven potentials. The meta-score displayed significantly better PCC values than all potentials but DFIRE for TMB targets and SHELL for FM targets. Significant differences in Z-score values were observed between the meta-score and the potentials except for RAPDF for TBM modeling targets and RAPDF, AKBP' and SHELL for FM targets by the same test. These results indicated that the meta-score could satisfy the two requirements, the correlation and native discrimination, and overcame the trade-off of the seven component potentials.
Performances for the Test Set
The meta-score demonstrated the smallest ΔGDT for TBM targets. DFIRE and BALL showed similar performances with the meta-score, indicating that the attractive characteristics played an important role in choosing the best model from decoys. DFIRE slightly outperformed the meta-score in ΔGDT for FM targets, although the difference was not significant due to small sample size (18 targets).
In 10% and 20% enrichment criteria, the meta-score was not the best score either for TBM targets or for FM targets. The results of enrichment assessment revealed the difference between the TBM and FM decoy sets. The two attractive potentials, DFIRE and BALL, showed good performances for TBM targets but they performed worse than the non-attractive five potentials for FM targets. The best result for FM targets was achieved by a hydrophobic potential SHELL. Despite these differences, the meta-score showed comparable performance to the best potentials for both categories (BALL for TBM and SHELL for FM).
The performance of these scores was also compared with the previously reported scoring functions, DOPE [14] and Verify3D [3] . DOPE is another type of all-atom distance dependent statistical potential based on a reference state corresponding to noninteracting atoms in a homogeneous sphere, with the radius dependent on a sample native structure. Verify3D assesses the compatibility of each residue with its environment. The performances of these two potentials were comparable to the seven component potentials in the five assessment criteria for both TBM targets and FM targets. The meta-score significantly outperformed these two scores in all five criteria for TBM targets. The meta-score also outperformed these two scores for FM targets although the significance was not clear because of the small number of targets. Table 2 . Assessments with the CASP7 decoy sets (test set) averaged over a) 104 TBM targets and b) 18 FM targets. The columns represent the seven potentials (columns 2-8), the meta-score (column 9), DOPE [14] (column 10) and Verify3D [3] (column 11). The rows 2-6 correspond to the five assessment criteria. The results for the seven potentials were taken from the Table III of our previous paper [15] except for AKBP' and FAR'. An asterisk represents the significant difference between the meta-score and the score in the assessment of the same row. The highest performance column in each row is underlined. 
Evaluation of the Meta-Score as an Absolute Quality Score for Protein Structures
Since a meta-score was constructed as a predictor of the GDT-TS of each structure, it can also be regarded as the absolute quality score. We checked the ability of the meta-score to approximate the true GDT_TS. Figure 1 shows the scatter plot of the predicted and true GDT_TS of all the native and decoy structures for 122 targets, totaling 33,758 structures. The overall correlation coefficient and the root mean squared error (RMSE) between the meta-score and the true GDT-TS were 0.84 and 0.142, respectively.
There have been some reports on estimating the absolute quality of models. Wan et al [21] developed a method to evaluate the absolute quality of a model structure as a predicted GDT_TS value using the identities between the observed and predicted structural features of various kinds and support vector regression. They reported the overall correlation coefficient and the RMSE for the CASP7 decoys 0.87 and 0.123, respectively. Eramian et al [6] reported a prediction of NO3.5Å score (the fraction of Cα atoms in a model that are within 3.5Å of the corresponding atom in the native structure after superposition) of their 580,317 comparative modeling structures using support vector regression which utilized various scoring functions. They reported that the PCC between the observed and predicted NO3.5Å was 0.84. Although the direct comparison to these reports was not appropriate due to the different model structures used in these studies (the decoy set of Wan et al. was not completely the same as that of ours because their method evaluated the whole chains instead of the domains), our meta-score was almost comparable to these results.
We created a predictor of the absolute quality of decoys from the component potentials. The normalization of the component potentials was the key to absolute quality assessment. Employing other statistical potentials in their normalized form would help improve the performance for model evaluation and increase the accuracy of the prediction of the GDT_TS. 
Conclusion
We have developed a new meta-score which combined the normalized energies of the seven all-atom distance dependent statistical potentials with support vector regression. The meta-score performed better than or comparable to the best of the component potentials in five assessment criteria. Therefore, the meta-score could combine the advantages of the component potentials. In addition, it could be used as the absolute quality score of the model structures, which had comparable accuracy with the previous results.
